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Summary ﬂ’ /

Over the last three years we made significant progress in the work supported by this contract.

Progress has been made in theoretical modeling, in physiological experiments, and in behavior-
ally testing. Progress in each of these areas is summarized in the following sections:

1. Modeling the dynamical properties of olfactory cortex. In parallel with experimental
studies on the olfactory system, we have developed detailed, biologically realistic simulations
within which to study the computational properties of the olfactory system. Much of this work
has concentrated on our efforts to model the olfactory, or piriform, cortex. The initial phases of
this modeling effort consisted of an attempt to reconstruct the complex spatial and temporal pat-
terns of cortical activity induced by natural and artificial stimuli using a structurally realistic
model (Wilson and Bower, 1989; 1990; Bower, 1990a, 1990b). The results, as described in nu-
merous publications, have revealed new mechanisms for the generation of oscillatory responses
within this cortex. These modeling results have also suggested new ideas regarding the function-
al 9;i(§:iﬁcance of the oscillatory patterns for olfactory processing in this network (Bower,

1 ). With reports that other cerebral cortical areas also have oscillatory properties (Ekhom et
al., 1988; Gray et al., 1989), we sought to extend our piriform cortex results to neo-cortical areas.
The results have important implications for the interpretation of oscillatory behavior in these
other cortical regions (see Wilson and Bower, 1990b; 1991).

2. Modeling the possible associative memory function of olfactory cortex. A second major
focus of our modeling effort has been on the possible associative memory properties of the piri-
form cortex. This work was based on our view that there is a close linkage between associative
memory function and the basic task of odor recognition within the olfactory system (Bower,
1991a; 1991b). To study the auto-association memory capacity of the piriform cortex network, .
the model just described was provided with input intended to loosely represent the activity of
single neurons in the olfactory bulb (Wilson and Bower, 1988). Synaptic connections between
bulbar neurons and neurons in the olfactory cortex were assigned completely randomly, as were
the initial weights of each connection. In order to explore learning in the network, a Hebb-type
correlation Jearning rule was also introduced to govern activity dependent changes in the
synaptic strengths of modeled connections. At the time when these simulations were performed,
no information was yet available on the existence or form of synaptic modification in piriform
cortex, but evidence for Hebb-type synaptic modification did exist in the closely related hip-
pocampus, and Hebbian learing rules provide the auto-correlation capacity of many abstract
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auto-associ: ve models (Hasselmo et al., 1991).

While 1 leaning of natural olfactory stimuli undoubtedly requires quite complex network
properties, - our investigations of our cortical model we concentrated on two relatively simple
aspects of = ociative Jearning. First, we studied the capacity of the model to converge on
consistent | . .terns of neuronal activity in response to particular input patterns. Presumably if
the olfactor. -ortex is responsible for odor recognition, it should be able to generate consistent
neuronal ou:, ut in the presence of consistent neuronal input. Second, we studied the capacity of
the model 1. generate a stable pattern of neuronal activity in the presence of an incomplete
version of t!.. input stimulus. Because the mix of molecules being emitted by any object can
vary with, fc- example, its age or environmental circumstances, it is presumed that olfactory
recognition *.;ust, to some extent, be insensitive to these variations (see Bower, 1991b).

Our mo.¢ling effort has shown that under the right network conditions, the model is capable
of learning (0 generate a stable output when presented with a consistent input pattern.
Specifically when synaptic modification was allowed under the same stimulus conditions, the
network co:iverged to a stable pattern of neuronal response after several stimulus presentations.
We have al<~ shown that the network is capable of leaming to generate different patterns of
activity in rc <ponse to different patterns of input. With respect to the process of pattern comple-
tion, we hav« shown that, once learned, our model is able to generate a stable output even in the
presence of ¢ hanges in the input pattern. In particular, when the number of active bulbar inputs
was reduces by half, the response of the network to the original full pattern of stimulation was
maintained (\WVilson and Bower, 1988). :

While 1t was important to show that a mode] structured like the olfactory cortex is capable of
performing « .ch basic associative memory functions, the more important consequences of this
modeling e! -1t involve predications we were allowed to make concemning the network condi-
tions that prc moted these capacities. Specifically, we found that the associative memory
capacity of 1  piriform cortex model was dependent on the specific presence of Hebb-type
learning in 1! : intrinsic fiber synapses (Wilson and Bower, 1988; Hasselmo et al, 1991a; 1991b)
and not the : ferent synapses. When synaptic modification was limited to synapses associated
with the aff: - >nt fiber system, the network did not converge to a stable output pattern in response
to a consist : : input. The capacity for completion of incomplete input patterns also depended on
which set of : ynapses showed modification. When only afferent fibers were modifiable during
learning, th: "ystem showed considerably less completion than when intrinsic fiber synapses
were modifi: hle. Doubling the gain of afferent fiber modification actually reduced the level of
completion. - hile doubling the gain of the intrinsic fiber Jearning rule provided almost 100%
completion ¢! the input pattern. Accordingly, the clear prediction from these results was that
synapses of i":¢ intrinsic association fiber system should represent the principal site of synaptic

. learning in 1l.2 olfactory cortex. As discussed in the physiology section below, this prediction
" has subsequc ntly been confirmed using experimental procedures.

3. Physi:logical investigations of synaptic plasticity in olfactory cortex. As just described
the model of associative learning in olfactory cortex made two predictions that were experimen-
tally testablc. First, the model suggested that synapses associated with the afferent projection
fibers shoulc be relatively unmodifiable. Second the model predicted that synapses associated
with the intr. isic association fiber system should be capable of much more substantial
modificatio: . In the case of the afferent projections, the balance of the data already indicates that
these synap:: s show neither short-term nor substantial long-term potentiation. However, it has
only been rc ently that careful comparisons between afferent and intrinsic synaptic properties
have been ri-de. Motivated by our modeling results, we have conducted a series of experiments
which demc: strate that synaptic potentials evoked by intrinsic fiber stimulation show clear and
consistent « rt-term potentiation at frequencies which elicit no change or depression of synaptic
potentials ¢ ked by afferent fiber stimulation (Hasselmo and Bower, 1990a). Further, an in
vitro exper  ent using extracellular recording techniques, performed subsequent to the
simulatior.  escribed above but naive with respect to the modeling results, shows a significantly
greater lev  of long-term potentiation in intrinsic than afferent fiber synaptic potentials. These
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- perimental results are cle:  in good agreement with the model's prediction that synaptic
: odification should appear ; manly in the intrinsic fiber synapses.

4. Role of neuromodula:. s in cortical function. Having demonstrated using modeling tech-
. Jues that different functio: . consequences can result from differences in the physiological
- operties of the two excitatc- - fiber systems in this cortex, and, further, having determined ex-
; .rimentally that these diffc: . ices exist, we were interested in experimentally determining if
: cre were any additional dif:: rences in these synaptic populations. For these studies we elected
. - explore the possible influc- -es of neuromodulatory agents with known behavioral effects on
i .mory acquisition or retent: n. In our recent experiments of this type, we have focused on the
e of cholinergic innervatic-. of piriform cortex (Hasselmo and Bower, 19913a; 1991b). Both
¢ piriform cortex and olfaci ry bulb appear to receive extensive cholinergic innervation from a
- gion of the basal forebrain, :he horizontal limb of the diagonal band of Broca. Cholinergic
“1agonists have been show: :0 impair learning of new information in humans. In addition, the
.zmory and cognitive impai~nents associated with Alzheimer's discase have been proposed to
related to a loss of cholin: : gic innervation of cortical regions. These impairments include a
- creased capacity to identi{: olfactory stimuli.

The results of these exp«:‘ments demonstrated marked differences in the suppression of
-:nsmission between the tw (. ¢xcitatory synaptic populations. The acetylcholine agonist
.rbachol strongly suppressc.” synaptic potentials elicited by intrinsic fiber stimulation,

. creasing the height of potc: :ials by over 50% at concentrations less than S5uM, and by over
1% at 100uM (Hasselmo ar. Bower, 1990b; 1991a; 1991b). In contrast, carbachol reduced the
.ight of afferent fiber synar: ¢ potentials by less than 12%, even at a concentration of SO0uM.

- 11s differential effect on aff: -ent and intrinsic fiber synaptic potentials appeared whether they

v cre recorded extracellularly ‘rom the layer being stimulated or intracellularly from the same

; riform cortex pyramidal cc!i. Thus cholinergic modulation of synaptic function is directed at

; -ecisely those cortical synzj es that our previous modeling work suggested are critical for

1 .emory function in this netv ork.
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5. Modeling the possiblc . ffects of cholinergic modulation in olfactory cortex. Recently, we
! .ve extended our modeling « fforts to explore the possible consequences of our modeling in-
<~ ired experimental discover. of a selective effect of the neuromodulatory agent acetylcholine
¢ "+ the intrinsic excitatory cc: 1ections of this cortex. Initially, using a simplified model of the
¢ .factory cortex, we demon-:-ated that this effect of acetylcholine may very well serve to in-
c:ease the capacity of the piriform cortex for storing distinct memories without contamination
v-ith other memories (Hasselmo et al., 1991). Further, we have recently shown that associative
functions like pattern complciion are enhanced when the association fiber system is strong (i.e. in
the absence of acetylcholine). These results suggest that this neuromodulator may be switching
t\:e network back and forth fiom a leamning to a recall state, which in turn has allowed us to pro-
rose a new hypothesis regard:ng the role of acetylcholine in the memory function of cerebral
cortical networks. We are now in the process of extending these results to our more complex
riodel of the olfactory cortex. .

6. Broader significance . these results. Our demonstration that there may be a functional
- odulation of the ability of ¢ ¢ piriform cortex to store memory patterns has important implica-
. ons for other memory mod. s, including more abstract neuronal network models. Because
r..emory storage in an auto-u<-ociative network is highly distributed, each memory shares some
c-verlapping set of units or nc.rons with other memories. As the number of memories stored in a
wrticular network increases. :he amount of overlap goes up, raising the possibility that a
- wrticular input pattern will ; nerate an output composed of a combination of multiple
- .emories. Thus, a chief }i: iation on the storage capacity of an association memory network of
e considered here is :©  overlap of patterns stored in the network. In abstract models of
sociative memory, the p:  ¢m of overlap is usually dealt with by constructing input patterns
ith as little overlap as po: e, or by pre- processing the input with a separate network using
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anti-Hebbian leaming rules. However, these separation techniques have the potential to interfere
with the associative memory function of such networks in which the association of different
stored memories is important. Our current modeling work suggests that, in the absence of ace-
tylcholine, the stronger association fiber synaptic connections within the network may subserve
this kind of associative function. Our discovery of a selective cholinergic suppression of
intrinsic excitatory synapses therefore raises the possibility that cholinergic agonists may switch
the network between a memory storage mode and a memory recall mode, thus providing multi-
ple memory functions in a single network.
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